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SUMMARY 
Because of recent developments which have indicated  that  relative 
Mach number l imits  may be raised t o  low supersonic values (C1.6) with 
satisfactory efficiency, an evaluation of the potent ia l i t ies  of an axial- 
flow counterrotating supersonic compressor was =de. I n  order t o  deter- 
mine the magnitude of the'major design variables at the various pressure ' 
ratio  levels,  a one-dimensional analysis w a s  made f o r  blade speeds at 
intervals from 1000 t o  1400 fee t  per second. The analysis showed that  
pressure ratios up t o  8 may be obtained a t  values of turning angle, first- 
stage Mach nmfber, and t i p  speed cansiderably,lower  than  are now being 
considered f o r  single-stage supersonic compressors. Although the second- 
stage Mach  number i s  inherently higher than that of t h e   f i r s t  stage, it 
may be held t o  values of 1.6 or less for pressure ratios up t o  '6. For 
a l l  cases considered by this analysis, the outlet conditions were such 
that  the  stator problem was minimized; that  is, the Mach n W e r s  were 
3 . 2  and the flow angles wereL30°. 
The results of a  simplified three-dimensional-design study are  pre- 
sented for a pressure ratio of 8 i n  order t o  demonstrate the  s imilar i t ies  
t o  and differedces from the one-dimensional analysis. Ln general, the 
over-all trends are similar, although the average velocities were lower 
a t  the  inlet  and higher throughout the r e s t  of the compressor than indi- 
cated by the one-dimensional analysis. For equal enerQy addition from 
hub t o  t ip ,  more turning was required along the hub than along the t i p  
i n  both stages; thus, the average turning was somewhat greater than tha t  
of the simplified analysis. 
A comparison of the component performances of t w o  compressor stages 
investigated at the NACA L e w i s  laboratory  with  the  analytical  require- 
ments for a pressure ratio of 5 indicated that a counterrotating campres- 
sor with  the  following performance might be  constructed from existing 
design information: 
Weight flow, lb/( sec) (sq f t   f r o n t a l  area) . . . . . . . . . . . . . .  30 
Pressure r a t i o .  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5 
T i p  speed, f t /sec . . . . . . . . . . . . . . . . . . . . . . . . .  ll00 
Adiabatic efficiency. . . . . . . . . . . . . . . . . . .  0.80 or higher 
If the weight penalty  resulting from the mechanical de ta i l s  of coaxial 
shafting were not too severe,. a  dist inct  advantage in engine size would 
be  possible. 
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The characteristics demanded of the compressor c q o n e n t  by  jet- 
engine deaigners are many and varied. The optimum compressor would pass 
maxFmum weight flow per  unit-frontal  area, would produce the  desired 
pressure  ratio with a m”lrmrm number of stages and blades, would rotate 
at speeds suitable for the turbine component, and would maintain a high 
adiabatic efficiency over the fu l l  range of requfred operating conditione. 
Of the various types of. c0mgressor.m~ being used or  projected  for  future 
use-; each has i t s  merfts and faults. The 61Qersonic axial-flow comgres- 
sor, for example, appears t n f f e r  advantages of high stage pressure 
r a t io  and high weight flows (reference 1) but problems pecul iar   to   this  
compressor type have accompnied i ts  introduction. For high single- 
stage  presswe ratios. (> 4) the problem of converting  the high dynamic 
energy t o  useful pressure arises (reference 2). In  addition, the high 
t i p  speeds and weight flows combine t o  create a difficult -situation f o r  
the turbine designer (reference -3). 
. .  . 
It has long been recognized that the counterrotation of successive 
stages of an ax ia l - f low comgressor offers  potentially high pressure 
ratios per stage without excessive rotational speeds. A t  the t i p  speeds 
now u t i l i zed   i n   J e t  enginee, the mechanical problems of counterrotat3on 
limit the nmiber of stages t o  two, driven by a single geared turbine o r  
two free-running turbines through concentric shafts. In order t o  f ind 
any useful application, therefore, a counterrotating compressor must 
produce the desired pressure r a t i o  in two stages and at   the  same time 
maintain the other desirsble characteristics previously mentioned. 
In the past, %%en aerodynamic considerations liml-ked the Mach num- 
ber relative  to  the blades t o  0.8, the l o w  over-all pressure ratios 
obtainable from two counterrotating stages did not warrant-the additional 
mechanical complexity involved. Recent experimental results from com- 
pressors designed to. operate a t  transonic relative Mach numbers (refer- 
ence 4) have indicated, however, that an efficiency comparable with that 
of subsonic st8ges may be maintdned IQ t o  a Mach rimer of 1.2.  I n  
addition, recent unpublished data ehow that Mach nunibers in the l o w  
supersonic range ( C1.6) may be emgloyed i n  a supersonic axial-flow com- 
pressor with satisfactory  adiabatic.  efficiency (0.85 f o r  ro tor  alone). 
Became of these recent. developments indicatbg that limiting Mach num- 
bers can be raised w e l l  above previous values, a reevaluation of the pos- 
s i b i l i t i e s  of the. counterrotating colqpressor appeared t o  be advisable. 
With the  belief that the trends determined by a one-dlmensional 
analysis would also apply for   pract ical  compressor designs, such an 
analysis was made at   the  NACA Lewis laboratory  for  several  typical 
counterrotating compressor designs i n  order to determine the pressure 
ratio potential  and the order of magnitude of some of the required 
design variables at the.se’pressure ratios. Complete velocity diagrams 
-. - 
b 
II4C.A RM E52E01 1111 3 
- 
were determined at intervals of blade speed varying from 1000 t o  
1400 feet  per second f o r  three different outlet conditions. The f i r s t  
e l a t e d  the need f o r  stators,  although some annular diffusion would 
be necessary. The other two cases specified an outlet  Mach nuniber of 
1 .2  with absolute whirl components of 400 and 800 feet  per second. The 
15O and 3oo, respectively. In addition, the effect of i n l e t  guide vanes 
was determined for  10' counterprerotation a t  a blade speed of 1200 f ee t  
per second f o r  the case with the  outlet  whirl component of 800 feet   per 
second. 
- case  Specified  purely axial discharge a t  a Mach  number of 0.70 and thus 
n3 
UI cn co flow angles  corresponding to   these whirl conponents were approximately 
In order t o  indicate  the  validity of the trends established i n  the 
one-dimensional. amly8is, .an approxbmte three-dlmensioml compressor 
design was made f o r  a pressure ratio of 8. No attemgt was made to deter-  
mine the optimum configuration at this one pressure ratio. For t h i s  can- 
parison, the blade sseed of the oneaimensional analysis was considered 
as the mean outlet  wheel speed of a three-dhensional  design and the 
similar-lties and differences  hposed by consideration of flow a t  other 
r ad i i  were determined. 
In order to  indicate  the  possibil i ty of using current information 
t o  produce a practical counterrotating supersonic.conlpressor, the compo- 
nent performance of two exiating compressor rotors was applied t o  certain 
design specifications from the one-dimensional analysfs fo r  an over-all 
pressure r a t io  of 5. 
ONE-DIMENSIONAL AMALYSIS AND CONDITIONS 
Initial Assumptions 
For the purposes of this analysis, vector diagrams were prescribed 
a t   the  inlet and the  outlet  of each stage without regard t o  the specific 
detai ls  of blade construction necessary to obtain the desired condi- 
tions. The  two stages were assumed t o  rotate i n  opposite dlrections a t  
the same angular speed. Flow conditions w e r e  at constant radius through- 
out the analysis. Although some of the pressure ratios, and thus tem- 
peratures, covered by this analysis were high, a constant value of the 
specific heat of air (0.24) was used f o r   s h p l i c i t y .  
In this  report  no W e c t  consideration was given t o  the presence or 
absence of shock waves, boundary layer, flow separation, wakes, and so 
fo r th ,  but an allowance f o r  the effect  of such disturbances was  made by 
assuming values of adiabatic efficiency based on experience. For the 
f i r s t  stage, where MElch numbers a r e   r e h t i v e l y  low, a value of 0.90 was 
chosen. This d u e  i s  considered t o  be r e a l i s t i c  at low blade speeds 
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( <1200 ft /sec) but too high at higher blade speeds. Because the Mach 
nmiber l e v e l   i n  the second stage was considerably higher, an adiabatic 
efficiency of 0.85 was chosen. This efficiency was also considered real- 
i s t i c  for Mach numbers up t o  1.6, but too high for  higher values at the 
present time. Although the assumption of a pressure recovery ( ra t io  of  
out le t   to  i n l e t  total   pressure  re la t ive  to  the blades) as a function of 
relative Mach number may seem to be more suitable, this assumption results 
i n  increasing adiabatic efficiency with an increase in r o t ”  t m i n g  
(pressure r a t io ) .  This situation is contrary t o  compressor experience. 
* 
. .  
.- 
- m 
CD m cu A typical set ofvector ~ILagrasls f o r  a counterrotating compressor without inlet guide vanes i s  shown fn figure 1. A i r  enters the blading 
at a relative velocity VI(. and angle pi which  depend on the blade 
speed ur and the inlet velocity V, 1. (All symbols are  defined i n  - 
appendix A.) For this analysis, the ax ia l  in le t  Mach  nuItlber was chosen 
t o  be 0.70 ai-d blade speeds were varied frm. lo00 t o  1400 feet per sec- 
ond. The air  is decelerated r e l a t i v e  t o  the blades and turned t o  the 
angle j3; shown i n  the second diagram. Addition af the blade speed 
determines the absolute outlet velocity V2 a t  the angle p2. 
The amount of deceleration and turning Ln the blading of the first 
stage detemnes the pre.ssure r a t i o  obtainable from this stage and also 
establishes the w h i r l  component a t  the entrance t o  the counterrotating 
second stage. In general, the deceleration fn the f i rs t  stage should be 
as large as possible t o  reduse the second-stEtge. inlet Mach nmiber. As a 
resat  of a sur-vey of rum of several rotors, a VRI-IE of -&eleration .. 
was chosen whfch corresponded t o  40-percent conversion to stat ic   pres-  
sure of the difference between relat ive  s ta t ic  and total   pressures at- 
the rotor inlet. This is  consfdered.to be an attainable value of con- 
version at moderate inlet Mach numbers. 
The wheel speed of the second stage, which rotates i n  a direction 
apposite  to the first, then determfnes the value of angle and velocity 
were se t  up f o r  the .thr_ee different cases shown in   f igure 1 as selected 
on the basis of s ta tor  inlet  conditions. From the established absolute 
outlet vectors it was possible t o  determine the relativg conditions and 
hence the turnhg and velocit ies throughout the diagram. 
. re la t ive  to  .the second rotor. Outlet conditions fo r  the second rotor 
. .  
The three different types of outlet conditions considered are :  
Case 11 Dfscharge at an absolute Mach  number of 0.70 i n  an axial 
direction. No s ta tors  .axe. needed:. 
Case 2 : Discharge a t  a Mach number of I .2 with a whirl component 
of 400 f e e t  per second. This condition results in a small absolute 
outlet  angle p4 .of about 15O. 
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Case 3 : Discharge at a Mach nugiber of 1.2 with a whirl coqonent 
of 800 feet  per second. This condition results in an absolute outlet 
angle of about 30°. 
I n  cases 2 and 3, where stators are required t o  return  the air t o  
the axial direction, it was considered reasonable t o  assign a higher Mach 
nmfber at the second-stage rotor outlet ,  since this change essentially 
transfers part  of the deceleration to the stators. A saqle  calcuhtion, 
which presents a complete example of case-2 design at 1200 feet per 
second, i s  given in  qpendix B. The pressure ratios presented i n   t h i s  
report do not include stator losses. 
Case 1 
In the following discussion  the major design  variables which w i l l  be 
presented as functions of over-all pressure ratio for case 1 are: rela- 
tive turning angle f o r  each stage, Mach numbers re la t ive   to  the inlet 
and the  outlet  of each stage, and the  distribution of total-pressure 
ratLo and enthalpy r i s e  between stages. S3miI-m presentations wi-ll be 
made f o r  cases 2 and 3. 
Required turning per stage. - The variation of both ffrst- and 
, second-stake relative turning angle with over-all pressure ratio i s  given 
by figure 2 f o r  blade speeds of 1000, 1100, 1200, 1300, and 1400 feet  per  
second. As would be expected, the over-all pressure ratio increases as 
f irst-stage turning and blade speed increase. Values of second-stage 
turning  are  restricted  to a smaller range of d u e s  by  the requirement 
of axial discharge a t  a Mach rider of 0.7. The dash-dot line across 
the inlet turning curves represents axial discharge relat ive t o  the 
first r o t o r .  I n  general, f o r  case 1, the first-stage turning exceeds 
the second-stage turning except at very low pressure  ratios. 
Mach  number re la t ive   to  the f i r s t  stage. - The inlet and the outlet 
relativg Mach nmibers a2e given for the f i r s t  stage i n  figure 3. The 
in le t   re la t ive  Mach number, wbich has a unique value fo r  each blade 
speed, i s  quite l o w  (C 1.49) because blade speeds are kept low while 
the desired pressure ratios are still  obtained. The out le t  re la t ive 
version mentioned i n  a preceding section, decreases sllghtly’with 
increasing over-& pressure r a t i o  and increases slightly as the blade 
speed is raised. In all cases, however, the outlet  relative Mach nmfber 
is subsonic and requires some type of shock within the rotor. 
Mach number,  which was  determined by the requirement of 40-percent con- 
Mach  number relat ive t o  the second stage. - The in l e t  and the out- 
l e t  Mach numbers re la t ive t o  the second stage are shown i n  figure 4. B y  
the nature of counterrotation, the second-stage inlet Mach n&er is  
higher than the first-stage inlet Mach number. Because the second-stage 
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i n l e t  Mach nmiber i s  vlrtua3Ll.y independent of blade speed for case 1, a 
single curve i s  given f o r  all speeds. The outlet  Mach numbers, as with 
the  f irst   stage,  decrease with decreasing blade speed and increasing 
pressure r a t i o .  The deceleration within the second stage, as shown by 
the difference betweeri i n l e t  and outlet-Mach numbers, increases somewhat 
as blade Bpeed decreaBes. . . .  
c 
Distribution of enthalpy r i s e  between stages. - The distribution of 
enthalpy r i s e  o r  work between the two stages i s  a matter of some concern 
to turbine designers. Figure 5 shows that ,  lor  case-1 design, where 
.. . 
m -  
(0 
rotation is introduced  in-the f i r s t   s tage  &d then removed by the second, 2i 
the total  enthalpy rise i s  evenly divided between the two stages. In a 
counterrotating Jet. ..e-ggine with separate coaxial shafts, the second .corn- 
pressor stage would be e i v e n  by the f i rs t  tFbine stage. To assign 
only nalf the work load to  the higher-temgerature shorter-bladed f i r s t  
turbine  stage m i g h t  rgsult  _ i n  excessively difficult design problems f o r  
the second turbine stage. It- is  desirable, therefore, to delegate a 
greater.share of the energy addition t o  the second-stage compressor rotor 
and hence to  the ffrst turbine ro tor .  In order t o  afford a direct com- 
parison of enthalpy-rise  .distribution, the first-stage  enthalpy  rise is 
plotted against second-stage en thepg  r i se  for cases 1, 2, and 3 in f ig-  
ure 5. Contours of constant aver-& pressure ratio are shown by the 
dashed l ine s . 
- 
. .  . 
." 
" 
Distribution of pressure  ratio between stages. - For -case-I deeign, 
with the energy addition the same fo r  each stage, the second-stage pree- 
sure  ratio must necessazily be less than that of the first stage, 
became the inlet temperature is  higher. In addition, f o r  this partlcu- 
lar analysis, second-stage efficiency was assumed t o  be 85 percent as 
compared with 90 gergent _for. .  the .first stage. The resulting  distribu- 
t ion of  pressure r a t io  i s  independent of blade speed and is  shown i n  .- 
figure 6 .  
Case 2 
For case 2, the outlet conditione chosen were f o r  an absolute Mach 
number of 1 . 2  with a residual whirl component of400 feet  per second.. 
An outlet angle of approximately 15' resulted. 
Required turning per stage. - As shown by figure 7, the increase in 
pressure  ratio  resulting from an additional 400 feet  per second' of 
residual whirl makes less  f irst-stage turning necessary f o r  a given 
over-all pressure ratio than fo r  case 1 (fig. 2) .  O n  the other hand, 
the second-stage turning i s  increased considerably and is  now of the 
8891~ order of magnitude as the first-stage turning. The absolute values 
of turning are conseqative as compared with single-stage sqersonic  
compressors of simila pressure r a t io .  . . . .  . " 
. .  
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Mach rider relat ive t o  the f irst  and second stages. - It is  obvious 
that  adding a whir l  ccanponent a t  the end of the second stage w i l l  not 
a l t e r  t he  entrance conditions i n t o  the first stage. On the basis of a 
chosen pressure  ratio, however, the  f irst-stage  outlet  Mach number w i l l  
vary a small amoimt from that shown in  figure 3 because less   f i r s t - s tage  
energy addition i s  necessary. This effect  is of minar importance and 
therefore the first-stage uutlet Mach nmiber is not  given f o r  cases 2 
and 3. 
. 
For constant pressure ratio, the second-stage in l e t  Mach nwiber may 
ul cn a 
N be seen (fig. 8) t o  decrease s l lght ly  as blade speed is increased. A 
comparison of the curves f o r .  case 2 with those for case 1 (f ig .  4) 
reveals considerably lower second-stage M e t  Mach nmibers f o r  case 2 
fo r  q.U pressure ratios. 
The relative outlet conditions for  case 2 are not direct ly  corupa- 
able wlth those of case 1. In an e f f o r t  to redistribute the decelera- 
t ion  between the ro to r  and the stators,  the  outlet Mach nuuber was 
increased from 0.70 t o  1.2. The rotor deceleration, as shorn by the 
difference between M e t  and outlet   re la t ive Mach numbers, is thus lower 
than f o r  case 1. I n  addition, the deceleration is s l ight ly  less  for  the 
higher blade speeds. 
The stator problem f o r  the conditions of case 2 is a minor one as 
compared with impulse-type sugersonic compressors (reference 3). The 
flow angle is of the order of 15O and thus the required turning i s  low. 
Samgle calculations have shown that the   coqle te  loss of the 400 f ee t  
per second whirl component w o u l d  decrease the pressure ratio by only 
6 percent for the outlet condition of case 2. Diffusion of the axial  
component of velocity i s  therefore the principal  objective  in the 
stators. This can probably be done efficiently, since a Mach m b e r  of 
1 .2  has a negligible normal-shock loss. The over-dl pressure ratios 
given for cases 2 and 3 do not include any stator  losses.  
Distribution of enthalpy r i s e  and total-pressure  ratio between 
stages'. - Reference t o  figure 5 shows that f o r  case 2, second-stage 
enthalpy r i s e  exceeds tha t  of the first stage by a fixed amount which 
depends on the blade speed'as well as on the  residual w h i r l .  
The variation of first- and second-stage pressure  ratios wfth over- 
a l l  pressure ratio is giveq i n  figure 9. A t  low over-all pressure 
rat ios ,  the set-ond-stage pressure r a t i o  exceeds that of the f i rs t  stage, 
while a t  values above approximately 7,  the opposite is true.  
- 
Case 3 
- For case 3 an outlet  Mach number of 1 . 2  was specified, with a 
residml whirl camponent of 800 feet per second.. This condition 
resul ts  i n  a flow angle i n  the neighborhood of 30'. 
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Required turning per stage. - The curves of f i rs t -  and second-stage 
turning against over-all pressure r a t io  fo r  case 3 m e  given i n  f ig-  
ure lo. For most over-- pressure ratios the second-stage turnfng 
exceeds the ffrst-stage turning. As compared with case 2 (fig. 71, much 
less  f irst-stage  turning is  required for a given  over-all  pressure  ratio 
and as a result more second-stage turning is  required. As -Fn cases 1 
and 2, at a given blade speed the second-stage turning is  l i t t l e   d f e c t e d  
by the pressure ratio required; that is, a higher pressure r a t io  is 
obtained by increasing  the first -stage  turning. 
Ir 
5 
Mach number relative t o  the second stage. - The inlet and outlet  
re la t ive Mach nmibers are presented in figure ll f o r  case 3 for various 
blade speeds and mer-all pressure ratios. For a given pressure r a t io ,  
the condition of lower first-stage turning than f o r  case 2 re6ult.s in  
lower second-stage in l e t  Mach nrmibers. As for case 2, t h i s  i n l e t  Pllach 
number decreases with increasing blade speed. Exm5nation of the outlet 
relative bbch number8 shows that they are lower than for case 2 but are 
relatively unaffected by blade speed o r  over-all pressure ratio. Ln 
spite of the reduced in le t  Mach numberat the inlet of the second stage, 
the deceleration within the stage is  greater for case 3 than for  case 2, 
although st i l l  less  than for  case 1. 
- 
The considerable increase i n  second-stage turning and deceleration 
rate  required of case-3: design, accomganied by an easing of f irst-stage 
design conditions, penalizes the second-stage design in  spi te  of the 
reduced Mach numpler level. 
. .  . .  L .  
Distribution of enthalpy r i s e  and total-pressure  ratic between 
stages. - From figure 5, it m y  be noted that f o r  cme 3 the enthalpy 
rise i s  much greater f o r  the second stage than f o r  the f i rs t  stage. 
This difference is accentuated a t  the higher blade speeds. As shown by ' 
figure 12,  the second-stage pressure ratio exceeds the firs t -s tage 
pressure r a t i c f o r  case 3 fo r  al except high over-all pressure ratios. 
This difference 5 s  greater at the higher blade speeds. 
4 - .  
. " 
Comparison of Desfgn Variables for Cases I, 2, and 3 
Although airect  comparison of the three cases must be tempered-by 
consideration of the s ta tor  requirements, some general observations can 
be made. For all three cases, the inlet conditions into the first stage 
are considered reasonable (MiCl .49 ) .  For most pressure ratios, the 
turning angle is  kept down t o  values below the angle of turning t o  the 
axial mrectton. The deceleration rate chosen i s  considered p r a c t i c d  
f o r  this range of Mach  number. Actually, a very wide choice of turning 
angles andAeceleration rat- is atrailable. 
2P NACA RM E52E01 - 9 
1 
In the second stage,  the peak Mach nurxiber required f o r  a given over- 
all. pressure  ratio may be reduced by increasing the second-stage pressure 
rat io .  Ln this event s ta tors  are required t o  remove the whirl component 
and may be made to  share part  of the deceleration. Obviously, any nm- 
ber of variations of deceleration and second-stage turning are possible 
f o r  a given pressure ratio with different stator inlet conditions as a 
result .  
- 
N 
0, 
UI 
(D 
. 
For example, in a design with cme-1 outlet diagram, at a pressure 
r a t i o  of 6 and blade speed of 1300 feet   per second, the second-stage 
turning angle i s  15.9 and the out le t  re la t ive Mach nmiber i s  1.15. By 
a reduction in  the  relative Mach nuuiber t o  1.02 i n  the blades, an outlet 
absolute Mach  n-er of only 0.5 i s  obtained with a second-stage turning 
of 7.30. 
In general, case-3 operation simplifies the  f irst-stage  design  at  
the expense of that of the second stage. For high pressure ratios (> 8) 
outlet angles of the order of that f o r  case 3 may be required, and the 
s ta tors  will have t o  assume a large share of the deceleration. 
In the region between c a s e 4  and case-2 design there i s  a type of 
operation where the residual whirl could be ignored with less loss than 
could be expected f r o m  s ta tors .  The cases presented in  this report are 
not necessarily optimum but are typical examples se t  up t o  cover a range 
of conditions. Actually, a wide range of outlet conditions which could 
be u t i l i zed  f o r  specific agqlications i s  available. 
Effect of Prerotation 
A comparison of a case-3 design is  presented in  figure  13  for  a 
blade speed of 1200 fee t  per second with the design  having pre- 
rotation against the rotor direction. As compared with the effect  of 
blade speed o r  first-stage  turning, the effects  of prerotation are 
smal l .  .At a given blade speed and pressure ra t io ,  prerotation increases 
the Mach number entering the f irst  stage and decreases the Mach nrrmber 
entering the second stage (fig. 13(a)). Both f i rs t -  and second-stage 
turning  required  for a given  pressure  ratio  are  decreased a few degrees 
(fig. 13(b)). First-stage pressure r a t i o  (and therefore first-stage 
enthalpy  rise3 is increased  by  prerotation with a corresponding decrease 
in second-stage values (fig. 13(c)). For case-3 operation, prerotation 
may be of some help in properly  distributing  the  total  deceleration 
between stages. For case 1, however, prerotation depreciates an enthalpy 
distribution which is  already poor. 
A t  the high axial i n l e t  Mach nmibers (0.70) chmacter is t ic  of 
supersonic comgessors, the use of prerotation is 1Mted  because of - 
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choking in the guide vanes. UnpublLshed experiments have shown that in 
an annulus ~f.constant  area,   only 10' or 120 turning i s  posslble without 
choking f o r  an axial inkt Mach number of 0.70. 
The preceding . m y s i s  i s  based on the premise that a f lu id  element 
i e  always at the . same radius  in .its path through"the compressor. Such 
is  not the case for   pract ical  compressor desfgns Etnd some discussion of 
the resulting variation from the agalysis i s  required. In order t o  pro- 
vide maximum weight f l o w  per unit of f rontal  mea for the compressor, a 
low hub-tip radtus- ratio is necessary for the first stage. For example, 
i n  order to  obtain a weight flow per unit frontal  area of 33.9 pounds 
per secand at an axial Mach number of 0.70, a hub-tip radius r a t i o  of 
0.50 i s  required. . A s  the air is turned toward the axial direction from 
the initial direction, mre area is available between blades and must be 
reduced by converging the shrouda. Greater energy addition i s  possible 
if the mean radius .of rQtation is  m e a s e d  agd therefore the inner 
shroud radius only is  usually increased. For compressors with low hub- 
t i p  radius rat ios  and high over-all pressure ratios, the.rapid rate of 
change of curvature uf the hub cause0 severe pressure gradient8 frcm hub 
t o   t i p .  In  addition, .tke usual reversal of curvature ne= the outlet . 
further complicates the pressure gradients. %cause lengthening the 
flow path t o  reduce .the magnitude of the curvature  results i n  a long 
heavycompressor, a more .suitable solution might be t o  curye the outer 
shroud inward t o  introduce apposite.pressure.gradient6. In this case, 
the mean radius wil be increased by a smaller amount; and greater 
turning than f o r .  a constant outer diameter w i l l  be required  for a given 
pressure ratio.. -Because the turning i n  the counterrotating compressor 
1 s  not excessive, a slight increase may offer a reasonable compromise. 
In  any r o t a t i n g  compressor, a problem which i s  further aggravated 
by low hub-tip rdius ratfos is  the desirabil i ty of equal energy addi- 
t ion from hub t o  t ip.  Because the blade speed at the lower radii i s  
less,  the  relative  turning must be greater for equivalent energy addi-. 
t ion.  In a rotor wlth radial-element blading, a long tai l  section would 
be necessary t o  provide extra turnfng at the root.. A t  the .lower t i p  
speeds made possible by. counteryotation, departures from radial-element 
blades may be made which could shorten the length of a rotor.  
I n  addition,-the higher ueloci t les   a t  the hub of the first-stage 
rotor   a t  the outlet (resulting from radial  equilibrium .and greater 
turning) are a-form of negative prerotation for the second-stage rotor 
which allows equal energy addition in the second stage with less  
turning than would ot"y3se birequired.  &02 the_-blaae. height at 
the in le t  of &he secbnd-stage rotor i s  less than that of the first- 
stage  rotor and qherefore the variation  inFnlet  conditions from hub 
(D 
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t o   t i p  i s  less.  Design conditions which resul t  i n  equal energy addition 
from hub t o  t i p  across the second stage uIju&uy resu l t   in   ascharge  flow 
s t a to r  design. 
- angles which axe quite uniform from h d  t o  t i p ,  a prerequisite for good 
The resul ts  of an approximate three-dimensional design of a counter- 
rotating compressor for  a pressure  ratio of 8 at a t t p  speed of 1300 f ee t  
per second i s  presented i n  table I. Adiabatic efficiencies of 0.90 and 
0.85 were assumed f o r  the two stages, no guide vanes were used, and 
&-percent conversion was assumed for the first stage. Radial equilibrium 
was assumed t o  exist at the outlet  of each coqressor stage. Correspon- 
ding values of the design variables from cases 1, 2, and 3 a t  a blade 
speed comparable t o  the man radius of t h i s  compressor at discharge axe 
shown for compaxison. 
First  stage.  - In the three-dimensional design, the hub-tip radius 
r a t i o  at the inlet was 0.5 a d  the t i p   r ad im  r a t io  was reduced t o  0.9 
i n  the f i r s t  stage. The change Fn curvature along the hub was not 
excessive f o r  the depth of wheel shown by table I. The assumption of 
conversion t o  static  pressure of 40 percent of the  difference between 
t o t a l  and static  pressure in the first stage  resulted  in a t i p   r e l a t ive  
Mach  n-er at the blade exit of 0.82. The turning in the first stage 
w&s 4' at the t i p  and 54O at the h& for  .the stage pressure ratio of 
2.5. These values of turning are higher than those obtained from the 
one-dimensional analysis f o r  a comparable first-stage  pressure r a t io .  
t o  hub, i s  considerably lower, on the average, than those obtained from 
the one-dlmensional analpis. 
. The in le t   re la t ive  Mach number,  which vasies from 1.40 to 0.93 from t i p  
- 
Second stage. - The inlet Mach  nuniber of the second stage increases 
from t i p   t o  hub because of both radial equilibrium in the previous stage 
and additional f i rs t -s tage turning a t   t he  hub f o r  equal energy addition. 
As a result, the average value i s  somewbat higher than would be indicated 
by the one-dimensional analysis f o r  the same stage pressure ratia. The 
absolute Mach number a t  afscharge shows a similar trend, although the 
values  are s t i l l  at a very reasonable level   for   s ta tor  design ( e 1.3). 
The radial  distributions of second-stage in l e t  angle, turning, and outlet  
angle are a l l  quite uniform. It should be noted that, although the nomi- 
nal t i p  speed of the-comgressor i s  1300 f ee t  per second, actually the 
mean t i p  spec-d of the first stage is  1235 feet   per second and of the 
second stage, 1203 feet   per second as a resul t  of the changes i n   t i p  
radius. 
I n  general, the three-dimensional design results validate the trends 
shown in the one-aimensioaal analysis. 
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From the component efficiencies of two compressor units which have 
been tested a t  the NACA Lewis laboratory, the present day potentiali t ies 
of a counterrotating axial-flow compressor may be examined. For a pres- 
sure . r a t io .  of 5 a t  a blade speed of ll00 feet per second, about 20' 
of first-stage and 53O of second-stage turn fng  are required <fig. 10). 
Unpublished data . for . .  the. r o t o r  of reference 4, operating at- 1100 feet  per 
second with about ZOO turning a t  the t i p  and u i th  over 40-percent con- 
version, indicate an adiabatic efficiency of 0.90. From figure 11, the 
second-stage in l e t  Mach rider for  t h i s  design would be 1.57. Unpd- 
lished rum of a Su@ersonic cCmpressor operating a t  design speed tn 
Freon-12 (dichlorodifluoromethane, a commercial refrigerant) show that 
with in le t  Mach n-er of 1.55' and turning of about 60°, the rotor 
adiabatic efficiency was 0.85. -In addition, the relative Mach  number 
a t  discharge was only 0.75, which would r e su l t   i n  a lower stator   inlet  
Mach number than those used i n  this analysis. 
From these data then, it seems permissible to predict-that a 
counterrotating supersonic compressor which would deliver a pressure 
r a t i o  of 5 a t  an efficiency of more than 80 percentwith w e i g h t  f lows of 
30 pounds per second per s q m e  foot frontal area at the reasonable t i p  
speed of 1100 feet   per aecond could be b u i l t  from existing information. 
This hypothetical compressor unit-would then match existing  coqres- - 
6ors on the basis of weight flow and efficiency at a pressure  ratio of 5 - 
and a t  a t i p  speed currently practical. The  nuniber of blades and stages 
requ-ed i s  nearly the minimum pusslble. The iner t ia  of each of the two 
rotating elements would be very similar, &ich should help start ing and 
acceleration problems. In  addition, the gyroscopic forces on each rotor 
resulting from the turning of the unit in flight would oppose one 
another and thus reduce' the over-all gyroscopic effect on the airzraft. 
* 
Specifically, the counterrotating superSlpnic axial-flow compressor 
could compete with the subsonic axial-flow compressor in  terms of weight 
flow,  efficiency, and pressure ratio at comparable t i p  speeds with much 
less length and fewer blades. This supersonic a x i a l - f l o w  compressor 
would more than double the flow capacity of the centrifugal-type compres- 
sor at lower stress levels and with better  efficiency, and would require " 
lower t i p  speeds, turning angles, and Mach numbers than the single-stage 
supersonic compressor, which should resul t   in  better efficiency. 
.. 
" 
Eromthe de6l@ values of the approxhmte compressor exaqle   for  a 
pressure ratio of 8 (table I), it may be seen that the first-stage flow 
conditions  for  higher  p essure.levels also lie within  the scope of - 
existing experience. 331 the second-stage, however, the Inlet  relative 
Mach number i s  higher than has .been  obtained-with  single-stage unit-s. 
. .  
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The efficient  diffusion of a i r  from Mach nrmrbers of this order of magni- 
tude i s  the subject of intensive study at present, in connection wfth 
ram-jet Falets as yell as with stators (reference 2).  Advances i n  th i s  
f i e l d  of research  woad  lead  directly t o  increased  pressure r a t i o  poten- 
tial f o r  the counterrotating sqersonic compressor. 
RESULTS AND CONCUTSIONS 
L\) cn cn 
(0 An evaluation of the potent ia l i t ies  of an axial-flow  counterrotating 
supersonic conrpressor w-as made. In order t o  determine the magnitude of 
the major design varfables a t  the various pressure r a t i o  levels, a one- 
dimensional analysis was made for blade speeds a t  intervals from loo0 t o  
1400 feet  per second. From the one-dimensional analysis the following 
resul ts  were obtained: 
1. 3igh over-all total-pressure r a t i o s  were obtained i n  the counter- 
rotating campressor without exceeding present aerodynamic l h i t s .  
2. For over-all pressure ratios between 4 and 8, the values of 
f i rs t -s tage  re la t ive Mach number, f i r o t -  and second-stage turning angle, 
and blade speed represented a lowering of limLte as compared with 
existing single-stage supersonic compressors. 
3. Mach numbers re la t ive  to   the second-stage inlet were inherently 
high, but appeared reasonable (1.6) f o r  over-all pressure ratios below 6. 
4. Discharge angles were relat ively low and might possibly be held 
low enough t o  eliminate stators altogether. 
5. For purely  axial  discharge  the  over-aU  enthalpy  rise was 
evenly distributed between stages. A t  greater discharge angles the 
second-stage enthalpy r i s e  exceeded that of the f i r s t  stage, although 
the  pressure  ratio did not in a l l  case8. 
6. Inlet  guide vanes which imposed prerotation against the direc- 
t i on  of rotation were of no great advantage on the basis of increasing 
energy addition and might be harmful t o  the  enthalpy-rise  distribution 
i n  some cases. 
An approximate three-dimensional design valihted  the  general  
trends given by the one-dimensional analysis. For the same stage pres- 
sure ratios, however, the average velocities w e r e  lower at the inlet  and 
higher throughout the rest of the compressor than those given by the one- 
turning was required along the hub than along the t i p  in  both stages. 
- dimensional analysis. For equal  energy  addition from hub t o  t ip,  more 
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.I *om component efficiencies of compressor  stages present- avauble ,  
it seems possible t o  design a counterrotating~cmpressor for a pressure 
r a t io  of 5 which could comgete successfully with known compressor types. 
If the weight penalty resulting f r o m  the mechanical problems of coaxial 
s h a f t s  were not too severe, 8 distinct advantage over existing types 
would be possible. 
. -  .. 
Lewls Flight Propulsion Laboratory 
Cleveland., Ohio 
National Advisory Committee for Aeronautics 
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APPENDIX A 
SYMBOLS 
The following symbols are used in this report: 
sonic velocity 
M C ~  n w e r ,  v/a 
total   pressure 
static  pressure 
t o t a l  temperature 
velocity 
angle of air with  respect  to  axis of rotation 
r a t i o  of specific heats 
adiabatic efficiency 
t i p  speed 
Subscripts : 
1 Zirst-stage inlet 
2 f i r s t  -stage o u t l e t  
3 second-stage i n l e t  
4 second-stage outlet  
a stagnation 
z axial component 
e taagential  ( w h i r l )  component 
Superscript: 
t re lat ive 
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AFEENDIX B 
The following aseumptions were made: 
B U a e  speed (both stages), ft/sec . . . . . . . . . . . . . . . .  .UOO 
Inlet axial Mach nuniber . . . . . . . . . . . . . . . . . . . .  0.70 
Prerotation (negative), deg . . . . . . . . . . . . . . . . . . .  10 
Adiabatic  efficiency, f irst  stage . . . . . . . . . . . . . . . .  0.90 
Adiabatic efficiency, second stage . . . . . . . . . . . . . . .  0.85 
Conversion in first stage, percent- of difference between relat ive 
total: and static pressure converted t o  static pressure . . . .  40 
Outlet w h i r l  component, first stage, f.t;/sec . . . . . . . . . . .  1000 
Outlet n u l  component, second stage,  ft/sec . . . . . . . . . .  400 
Outlet  absolute Mach n h e r  . . . . . . . . . . . . . . . . . . .  1.2 
First,  Stage 
With the inlet-guide-vane vector diagram s h m ,  the absolute Mach 
nuniber i s  0.70/cos loo = 0.71. A t  stanbra i n l e t  conditions of pressure 
ana temperature (from table I of reference 5), a/Ea 0.9531 and sonic 
velocity a1 PL 0.9531 X 1117 = 1066 ft/sec. 
Vz,l = 0.70 X Lo66 = 746 ft /sec 
V1 =t 0.71 X 1066 758 ft/sec 
V =. 758 sin loo = 132 ft/sec 
6,  1 
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The f i rs t -s tage inlet  diagram a t  us = 1200 then becomes 
The angle of the relative  velocity component 
Pi = tanm1 l332/746 m 60.7O 
17 
I 
For the criterion for the deceleration i n  the  f i rs t   s tage,  $0 percent of 
the  Wference between r e l a t ive   s t a t i c  and total pressure a t   t he   i n l e t  
was assumed t o  be converted to static  pressure within the  blades. 
= p; + 0.40 (P' - p; ) 
1 
The ra t io  p i /P i  may be found from tables for the Mach  nuniber M;. The 
r a t i o  Pi/P; is the inverse of the recovery factor for the blades. 
From the   ra t io  pk/P;, the   re la t ive Mach nlzniber a t  the blade discharge - 
may be found. - 
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In assi- an efficiency value-to a supersonic campressor, a 
common method is to choose EL value for the recovery factor of the blades 
Pk/P.j. However, &E w i l l  be sham in appendix C, this assumption resul ts  
in Fncreasing values of adiabatic efficiency as the preeiure r a t io  is 
increased. O f  course, this condition is contrary to most experience i n  
compressor work. It- was concluded that a more r e a l i s t i c   a s s w t i m  
would be that of constant  adiabatic  efficiency per stag- 
The f irst-stage pressme r a t i o  may be found a a  follows : 
0.90 (0.4) 1200 (l.324-1000) 
13-5 
From t h i s  pressure ratio and the adiabatic  efficiency of 0.90, the 
recovery factor may be. found t o  be 0.899 from figure 14. 
alaa P 0.9396 when = 0-815 from tables 
&/aa = 0.8425 when- M; =L 1.429 
Since the stagnation  sonic.velocity  relative t o  the blades remains 
unchanged, . ". . . .. 
alx 0.9396 
a2 0.8425 er 1190 ft /sec 
'9 
-n 
10 
N 
V i  a 1190 X 0.815 e .979 .ft/sec 
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With the assumed value of V Q , ~  of 1000 ft/sec, the outlet diagram 
becomes 
The relative angle 
The first-stage turning 
and 
Vz,2 u 970 cos 11.9 PI 951 ft/sec 
p2 = tan-’ 1000/951 = 46.5O 
V2 = 951/COs 46.5O = X80 f t f   sec  
M;! = l380/U90 = 1-16 
The total-temperature  ratio 
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Becod Stage 
Addition of the second-stage blade speed in the apposite direction 
results Fa the f ollasing diagram for the second-stage W e t :  
% c tan' 2200/951 = 66.6' 
The second-stage temperaixre r a t i o  is 
~ + (r-1) U O O  (1000 f 400) 
13362 
1.376 
L 
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At a Mach number of 1.2, 
a/aa - 0.8811 (Wles) 
a4 P 0.8811 X E70 = I384 fi;/sec 
V4 P 1.2 X l . 3 8 4  = 1660 PtfBec 
p4 = sin' 400/1660 = l3.9' 
%, 4 = 1660 COS l3- go = 16E ft/Eec 
Second-stage turning 
4' a 66.6 - 26.3 = 40.3' 
Vi a 1615/c06 26 -3 = 1801 
Mi = 1801fl-384 = 1.3 
Second-stage pressure ratio 
[. + (y-1) 0.85X I200 (1000+400) 
E ~ 3 6 ~  
= rl.32]3*5 2.642 
Over-all pressure r a t i o  
22 
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In the design of supersonic ccnqpressors, the greatest single prob- 
lem is the efficient diffusion of air relat ive t o  either r o t o r  or stator 0 
blades. A large amauat of the information pertaining t o  sugersonic 3 
diffusion has been obtainea .in wind tunnels with stationary diffusers 
or blade cascades. It is custmary t o  express the performance &-such 
dl f fusera  Tn terms of recovery factor, that-is, the rat-Lo of outlet  
t o t a l  pressure t o  M e t  t o t a l  pressure, relative t o  the diffuser. In 
c o ~ ~ ~ r e s s o r  wark, recwery factor may be expressed i n  terms of knm 
relations as follows : 
- 
The terms P d P i  and Pi/Pz are point functions and m y  be 
transformed by isentropic relations as follars: 
Because the total temperature re la t ive   to  the blades remains 
constant, . T f  PI T* and 
1 2  
From the definition of 
V a d  
aaiabatic efficiency, 
NACA RM E52EO1 c 
N 
VI cn co 
-=f - 
T1 ‘lad 
and by substitution, 
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In figure 14 the  relation between pressure  recovery and adiabatic 
efficiency is  given for a range of pressure  ratios a t  intervals of 
adiabatic efficiency from 60 t o  100 percent. The dashed. Unes of f ig-  
ure 14 represent contours of constant enthalgy rise and carrespond t o  
the pressure-ratio  scale only when standard inlet conditions are assumed. 
From figure 14 it may be seen that at low pressure  ratios, small 
decreases in  pressure recovery will result in  l a g e r  decreases in  &a- 
ciency iacreases for constant values of pressure recovery. 
. batic  efficiency. As stage  pressure  ratio increases, adiabatic effi- 
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TABLE I - COMPARISON OF AN APPROXIMATE I M R E E - D B N S I O N A L   D E S I G N  -FOR A TIP S P E E D  
OF 1300 -ET PEF-SECOND W I T H .  O ~ - D I M E N ~ I O N A L  ANALYSIS AT A BLADE S P E E D  COM- 
PARABLE W I T H  THAT  AT TKE OUTLET MEAN RADIUS 
Concept Three-dlmensional One-dimensional 
design design 
Radius C a s e  
Tip I Mean I Hub I 1 1 2  1 3  
Inlet . r a d i u s  r a t i o .  . 
I n l e t  angle, p i ,  deg 
2.445 2.525 Stage  pressure  ra t io  
.811 .90 Outlet  radius r a t i o  
50;3  43.7 
43.3 44.5 Outlet angle, e;; deg 
Turning angle; deg 
1.189  1.404 I n l e t  Mach number, Mi . 
0.191 1.0 
54 60.2- 
F i r s t  stage 
41 
0.5 
- 9 s  
48.6 
53.8 
.705 
2.54 
58.2 
.1.0 
1.32 
60 
54 
"" 
3.45 
Secorfti s tage ; 
Inlet &le, p i ,  deg 
I n l e t  Mach number, M i  
Outlet angle, p4, deg 
Turning  angle,  deg 
Outlet r a d i u e  r a t i o .  
Outlet Mach number, M4 
Stage  pressure  ra t io  
~. 
66.2 
1.95 
48 
26.9 
1.20 
.9s 
3.27 
61.5 
2.06 
48.2 
28 
S.29 ' 
.916 
3.33 
62.2 
2.15 
48.7 
26.3 
.884 
1.29 
3.21 
70 
2.21 
21 
a 
68.5 68 
~ ~~ 
2.05 1.89 
41.5 52 
15 30 
""_ ""_ 
1.2 
3.30 2.76 
1 .2  
Both s t a g e a  
Over -a l l   p re sau re ra t io  I 8.26 I 8.15 I 8.16 I 8 I 8 I 8 
.. . . . . .. . 
. . . . . . . . . . . . . 
Plrst-stage inlet Plret-stage outlet 
Rotation - 
' Case 1 
Second-stage outlet 
Case 2 Case 3 
Figure 1. - Typicel vectar  di.qgrema for counterrdating superaonic axial-flow colqgreeeom. ~ 
i 
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OveF-all. pressure ratio 
Figure 2. - Variation of rotor relative. turning angle with over-dl pressure ratio. Case I.. 
. .  . . . 
. ... . 
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Over-all pressure ratio 
Figure 4. "VEW18tiOn of in l e t 'and  outlet Mach numbers relatave t o  blades of second stage 
n i t h  over-all pressure ra t lo .  .Case 1. 
. . . . . . .  
. . . . . . . -. 
0 2 
. .  . ... . .  .. . . .. ... - 1  
6992 . t 
14 16 
Over-all preEleure ratlo 
Figure 6. - Mstribution of pressure ratio betveen eteges. Case 1; blade speed, loo0 t o  14.W feet per second. 
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Over-all pressure ratio 
Figure 7.- - Variation of rator relative turning angle with. pyer-all preamre ratio. C a e  2.: 
.. . . . . . . . . .  . . . . . 
, 
.. . . . 
2569 " I  
' 6  
. .. . 
.  . . . . . . - 
Ovex-aL1 pressure ratio 
Figure 9:- Distribution of pressme ratio between stages. Cas@ 2 .  
. .  
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3. 
Over-all pressure ratid 
Figme 10. - Varlatlon of rotor relative turning angle with over-all prkssllre. ratlo. Case 3. 
I . .  
. . -. . . . . . . . . . . . . . , . . 
I 
. . . . . .. . . . . . . . . . . . . 
I 
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Over-all pressure r a t i o  
(a) Relative Mach number. 
Figure 13. - Comparison.of fiFst and second etages 
Case 3; blacle epeed, 1200 feet 
with and wlthout 10Q prerotation. 
per second. 
. -  . ._- 
-1 
. .. . 
I. 
" 
. 
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( b )  Relative tvrnlng angle. 
Figure 13.  - Continued.. Comparison of f i r s t  and second s tages  n i th  and 
without 1UO prerotatlon. Case 3 3  blade  speed, 1200 f e e t  per second. 
I 
Cker-all peesure ratio 
(c) Reeeure .ra-po dhtribution. 
Figure lh. - Concluded. Cmparison of first and eecon'd stages vith$nd w l t h o u t  100 prerotation. 
, .  
* 
Case 3; blade speed, 1200 f e e t  per second. 2 
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